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Coral and macroalgal exudates vary in neutral
sugar composition and differentially enrich reef

bacterioplankton lineages
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Increasing algal cover on tropical reefs worldwide may be maintained through feedbacks whereby
algae outcompete coral by altering microbial activity. We hypothesized that algae and coral release
compositionally distinct exudates that differentially alter bacterioplankton growth and community
structure. We collected exudates from the dominant hermatypic coral holobiont Porites spp. and
three dominant macroalgae (one each Ochrophyta, Rhodophyta and Chlorophyta) from reefs of
Mo’orea, French Polynesia. We characterized exudates by measuring dissolved organic carbon
(DOC) and fractional dissolved combined neutral sugars (DCNSs) and subsequently tracked
bacterioplankton responses to each exudate over 48h, assessing cellular growth, DOC/DCNS
utilization and changes in taxonomic composition (via 16S rRNA amplicon pyrosequencing). Fleshy
macroalgal exudates were enriched in the DCNS components fucose (Ochrophyta) and galactose
(Rhodophyta); coral and calcareous algal exudates were enriched in total DCNS but in the same
component proportions as ambient seawater. Rates of bacterioplankton growth and DOC utilization
were significantly higher in algal exudate treatments than in coral exudate and control incubations
with each community selectively removing different DCNS components. Coral exudates engendered
the smallest shift in overall bacterioplankton community structure, maintained high diversity and
enriched taxa from Alphaproteobacteria lineages containing cultured representatives with relatively
few virulence factors (VFs) (Hyphomonadaceae and Erythrobacteraceae). In contrast, macroalgal
exudates selected for less diverse communities heavily enriched in copiotrophic Gammaproteo-
bacteria lineages containing cultured pathogens with increased VFs (Vibrionaceae and Pseudoal-
teromonadaceae). Our results demonstrate that algal exudates are enriched in DCNS components,
foster rapid growth of bacterioplankton and select for bacterial populations with more potential VFs
than coral exudates.
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Introduction

Macroalgae and coral holobionts (that is, the coral
cnidarian and symbiotic algae and bacteria) are the
dominant benthic primary producers in tropical reef
ecosystems worldwide. Over the past several dec-
ades, there have been reports of ongoing shifts in the
relative abundance of these two groups on multiple
reefs, with observations of increased algal cover
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often associated with a decline in the ‘health’ of the
ecosystem (Hughes, 1994; McCook, 1999; Pandolfi
et al., 2003; Ledlie et al., 2007). It has been proposed
that climate- or pollution-induced increases in coral
disease or bleaching (Diaz-Pulido and McCook,
2002) coupled with eutrophication and/or over-
fishing of herbivores (McCook et al., 2001; Smith
et al., 2010) have either caused direct coral mortality
or have enhanced algal competitiveness and subse-
quently increased algal dominance (Nystrom, 2006).

Even after local disturbances are mitigated, these
shifts to algal-dominated states may be maintained
through a positive feedback, whereby algae remain
dominant and suppress coral recovery through a
combination of effects on nutrient availability,
microbial activity and/or allelopathy (Hughes
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et al., 2007; Ledlie et al., 2007; Birrell et al., 2008;
Vermeij et al., 2009; Rasher and Hay, 2010).
Differences in the amount and composition of labile
dissolved organic carbon (DOC) exuded by corals
and algae as a portion of their daily production may
support this feedback by influencing the growth rate
and community composition of bacterioplankton in
the surrounding water (Smith et al., 2006; Haas
et al., 2011; Kelly et al., 2012). These DOC exudates
may have a central role in coral-algal interactions
and reef biogeochemical processes, but little is
known of the composition of these exudates or the
bacterial communities for which they may select.
Recent advances in culture-independent micro-
biology have demonstrated that the coral holobiont
and the surrounding plankton harbor diverse and
distinct microbial communities (Wegley et al., 2007;
Barott et al., 2011; Nelson et al., 2011). The role of
these communities in reef ecosystems has come
under scrutiny with the widespread interest in coral
diseases, many of which are demonstrably asso-
ciated with microbial pathogens (Rosenberg et al.,
2007; Dinsdale and Rohwer, 2011). However, these
microbial communities also have a key role in reef
ecosystem function, serving as the dominant recy-
clers of organic matter and an important conduit in
reef food webs (Grigg et al., 1984; Ducklow, 1990;
Sorokin, 1990; Arias-Gonzalez et al., 1997). One of
the primary resources for heterotrophic marine
microorganisms is dissolved organic matter (DOM),
a heterogenous pool of compounds that varies
widely in composition and lability (Hansell and
Carlson, 2002). The bulk of the accumulated DOM in
surface waters of the tropical oceans is resistant to
rapid microbial degradation on the timescales of
weeks to months (Carlson, 2002), but in shallow
nearshore habitats, various benthic organisms have
been shown to release significant quantities of DOM,
of which a portion is more bioavailable than the
bulk background DOM pool (Ducklow, 1990; Haas
et al., 2011). Alteration of the metabolism or
composition of microbial communities through
release of bioavailable DOM has been hypothesized
as an indirect mechanism by which algae may
facilitate coral decline, possibly through microbial-
induced hypoxic stress (Smith et al., 2006) or
through selection of opportunistically pathogenic
microorganisms (Dinsdale and Rohwer, 2011).
Rates of DOM utilization and efficiency of
biomass conversion are regulated by the interactions
between community structure, DOM biochemical
composition and the ambient nutrient field. Specific
groups of heterotrophic bacteria have been shown to
exhibit differential utilization of organic substrates
of varying quality and quantity (Cottrell and
Kirchman, 2000; Carlson et al., 2004; Elifantz
et al., 2005; Nelson and Carlson, 2012). Previous
studies have shown that bacterioplankton and DOC
are depleted in the waters overlying coral reefs
relative to offshore waters and that the reef bacter-
ioplankton communities are distinct from those of
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the open ocean (McCliment et al., 2011; Nelson
et al., 2011). These results indicate that reef DOM
supports a unique community able to metabolize
both reef-derived and oceanic DOM, but experi-
mental tests of these processes are required to clarify
these relationships. Seawater culture techniques, in
which a naturally occurring population of bacteria is
inoculated in particle-free seawater media, allows
for the simultaneous monitoring of bacterioplankton
growth and DOM utilization and is one approach
used to assess the availability of DOM to natural
assemblages of bacterioplankton (Ammerman et al.,
1984; Carlson and Ducklow, 1996; Haas et al., 2011).
By analyzing shifts in community structure among
dilution cultures amended with DOM of varying
composition, changes in community structure can
be coupled with cell growth and DOM utilization to
infer linkages between structure and function
(Carlson et al.,, 2004; Nelson and Carlson, 2011,
2012). Furthermore, by characterizing biochemical
changes in the DOM among incubations, we can
begin linking bacterioplankton populations with
selected components of the complex DOM pool.

DOM comprises a complex mixture of major
chemical compound classes, such as carbohydrates,
proteins and lipids (Wetzel and Likens, 2000;
Hansell and Carlson, 2002), with carbohydrates
representing the largest identified fraction of ocea-
nic DOM (Benner, 2002). These compound classes
are enriched within recently produced DOM, and
their concentrations and proportion of total DOC
decrease with ongoing diagenetic alteration (Benner,
2002; Goldberg et al., 2011). Qualitative shifts in the
overall chemical complexity of the bulk DOM pool
may thus be inferred by investigating the variation
in the composition and concentration of the carbo-
hydrate pool (Cowie and Hedges, 1994; Goldberg
et al., 2011). Throughout the open ocean, acid-
hydrolysable carbohydrates account for <30% of
surface DOC concentrations (Pakulski and Benner,
1994); fractional dissolved combined neutral sugar
(DCNS) can account for up to 30% of this carbohy-
drate pool (Benner, 2002) and can be an important
substrate used to meet the metabolic needs of
heterotrophic bacterioplankton (Rich et al, 1996;
Amon et al., 2001; Kirchman et al., 2001). Examining
the variability in DCNS composition provides insight
to DOM availability and diagenetic state (Skoog and
Benner, 1997; Kirchman et al., 2001; Goldberg et al.,
2009; Kaiser and Benner, 2009). The proportional
contribution of DCNS concentrations to those of total
DOC (known as DCNS yield) is often used as a proxy
to track the diagenetic state or the relative ‘freshness’
of ambient DOM (Skoog and Benner, 1997; Amon
et al.,, 2001), with higher yields indicating a DOM
pool that is fresher and less degraded. The variation
in the molar percentages of specific neutral sugars
relative to DCNS concentrations (known as mole %
DCNS) can also be used to track diagenetic patterns in
oceanic DOM (Skoog and Benner, 1997; Goldberg
et al., 2009, 2011; Kaiser and Benner, 2009).
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Here we present the results of an experiment
explicitly designed to test the community- and
population-level responses of bacterioplankton to
DOM of varying chemical composition released
from four common benthic primary producers in
the reefs of Mo’orea, French Polynesia. We collected
specimens of three macroalgae (Ochrophyta, Rho-
dophyta and Chlorophyta) and a hermatypic coral
(massive Porites spp.) and harvested exudates
released after a single daylight cycle (~8h), measur-
ing both the rates of exudate DOC production and
the DCNS composition of the exudates. We subse-
quently used these exudates as amendments to dark
seawater growth experiments where intact ambient
reef bacterioplankton communities are diluted and
grown on the enriched seawater media. We tracked
changes in bacterial abundance, concentrations of
DOC, DCNS quantity and composition and bacterial
community structure (via 16S rRNA amplicon
pyrosequencing) over 48 h. Our experiments char-
acterize and differentiate the DOM exuded from
corals and algae and assess how variation in DOM
character translates into bacterioplankton popula-
tion and community responses, including commu-
nity growth rates, DOC and DCNS lability and
differential selection of bacterial taxa.

Materials and methods

Study site and specimen collection
The experiments detailed here were conducted from
5 to 19 September 2010 at the Richard B. Gump
South Pacific Research Station located on the north
shore of the island of Mo’orea, Society Islands,
French Polynesia (17.48S 149.84 W). The island and
its reefs are the site of multiple long-term ecological
research programs, including the Mo’orea Coral Reef
Long Term Ecological Research program under
which this research was conducted (http://mcr.
lternet.edu). The four different species of primary
producers investigated in this study (Supplemen-
tary Figure S1) are among the most abundant
benthic macroorganisms found in backreef habitats
of Mo’orea (http://mcr.lternet.edu/data), comprising
three dominant macroalgal genera (each represent-
ing a different algal phylum: Turbinaria ornata—
Ochrophyta; Amansia rhodantha—Rhodophyta;
Halimeda opuntia—Chlorophyta) and two species
of hermatypic coral holobiont (Porites lobata and
Porites lutea—commonly collectively considered
massive Porites spp. due to difficulty of visual
distinction, but see Forsman, et al., 2009).
Specimens were collected from water depths of
0.5-1.5m in the backreef waters of the north shore of
Mo’orea in replicates of at least 20 using SCUBA as
whole individuals (algae) or as unattached whole
colonies (coral). Surface areas of individuals were as
follows (mean + one s.d.): T. ornata 4.9 £ 0.2 dm?; A.
rhodantha 5.1+£0.2dm?* H. opuntia 5.3 +0.1dm?
and Porites spp. 1.4 + 0.1 dm*. Mean surface areas of

The ISME Journal

macroalgal specimens did not differ significantly
but all were significantly greater than coral speci-
mens (analysis of variance (ANOVA) P<0.001 with
Tukey’s post hoc test a=0.05). Specimens were
collected in polyethylene bags (Ziplock) that were
stored in seawater-filled coolers to avoid tempera-
ture stress and transferred without air exposure to
cultivation tanks within 1h of sampling. Glass
aquaria (40-1001) were provided with fresh sea-
water flow-through, and temperature and light
conditions were monitored and cross-checked with
in situ conditions using HOBO Pendant UA-002-64
(Onset Computer Corporation, Bourne, MA, USA)
light and temperature loggers. To avoid contamina-
tion of the exudates through leakage of intracellular
organic matter due to potential injuries from the
sampling procedure, all specimens were sampled at
least 48 h before the respective incubation experi-
ment and left to heal in the cultivation tanks.
Special care was taken to exclude specimens
infested with epibionts or endolithic boring organ-
isms to avoid potential contamination of the
targeted exudates. Further details on sample collec-
tion can be found in a companion paper (Haas et al.,
2011).

DOM exudation and dilution culture incubations
Replicate specimens from separate coral or algal
colonies (n=5) were incubated in polypropylene
beakers (sulfuric acid-cleaned and seawater-lea-
ched) filled with exactly 800ml of filter-sterilized
ambient seawater (0.2pm polyethersulfone filter
pre-flushed with 11 deionized water, SUPOR-200,
Pall Corporation, Port Washington, NY, USA) col-
lected from the same location. Beakers were covered
with polyethylene film and incubated for a single
daylight cycle (0900—1700 hours) in a recirculating
ambient seawater bath, with shaded natural light to
simulate the temperature and light conditions in the
natural backreef habitat (0.5—-1.5m water depth,
midday photosynthetically active radiation ~600
pmol quantam~?s~'). Replicate seawater controls
(n=3) were incubated in parallel. Additional details
on exudation, including net primary production and
DOC release, are reported in a companion paper
(Haas et al., 2011).

Following exudation, specimens were removed
from the beakers using acid-washed forceps, and the
remaining incubation water was pooled and gently
gravity filtered through a pre-flushed (11 low-
organic deionized water; Nanopur Diamond, Barn-
stead Thermo Scientific, Asheville, NC, USA) 0.2-pm
polyethersulfone filter (Pall SUPOR-200). This 0.2-
pm filtrate was used as growth media for replicate 31
dark seawater cultures conducted in acid-cleaned
and media-rinsed polyethylene carboys (23020010,
Nalgene Thermo Scientific, Rochester, NY, USA).
The filtered media was inoculated with unfiltered
backreef seawater (2:5 volumetric ratio) to add a
compositionally representative ambient microbial
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community to the sample (Ammerman et al., 1984;
Hagstrém et al., 1984; Carlson and Ducklow, 1996).
For each exudate, type two replicate incubations
were run in parallel with one control incubation
(using as media sterile-filtered seawater incubated
alongside specimens and inoculated with the same
ambient microbial community) for a total of four
replicate control incubations run independently
over the course of the four exudate incubation
periods comprising the complete experiment. For
each exudate treatment, a parallel incubation was
run in 21 acid-cleaned and media-rinsed polycarbo-
nate bottles to test for plastic and handling effects;
these incubations were kept closed throughout the
experiment and used only for community analysis at
48h (see below). DOM and DCNS released from
interstitial fluid of algal and coral tissue cannot be
differentiated from other forms of exudation, and
thus are included in our estimates of DOM
production.

Sample collection and processing

Samples for DOC and bacterial cell abundance were
drawn from sample-rinsed platinum-cured silicone
tubes at the base of each incubation bottle. Incuba-
tion bottles were then kept at in situ temperature in
the dark over a time period of ~48h (45-50 h) before
sampling DOC again at the final time point. DOC
samples (40ml) were collected in acid-washed and
sample-rinsed polyethylene bottles and stored at
—20°C for up to 4 months until analysis via high-
temperature catalytic oxidation (Carlson et al.,
2010). The concentrations and compositions of
DCNS were determined from these same samples
according to Goldberg et al. (2009, 2010); detailed
methods of DCNS analysis are reported in the
Supplementary Materials. Samples for bacterio-
plankton cell abundances (1-2ml) were collected
roughly every 8h, immediately fixed to 0.5%
paraformaldehyde, flash frozen (— 80 °C) and stored
for 2 months before enumeration via flow cytometry
according to Nelson et al. (2011).

Bacterioplankton DNA, used to assess community
shifts in response to the DOM exudates, was
collected at ~48h by gravity filtering ~21 through
a 10-um polycarbonate prefilter onto a 0.2-um
polyethersulfone filter (Sterivex, EMD Millipore,
Billerica, MA, USA). The Sterivex cartridge was
filled with sucrose lysis buffer (750mmoll~"*
sucrose, 400mmoll~* NaCl, 50mmol]l~* Tris-HCI
and 20mmol 1" ethylene diamine tetraacetic acid)
and flash frozen (—80°C) until further processing
(within 6 months of collection) as described pre-
viously (Nelson et al., 2011). DNA was also collected
identically directly from the inoculum and the
ambient water used during the exudation to define
starting of ambient seawater communities. Genomic
DNA was extracted, and 16S ribosomal RNA gene
fragments were amplified and pyrosequenced
(Laboratory of Stephan Schuster at Pennsylvania
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State University), with bacterial community phylo-
genetics and bioinformatics conducted as pre-
viously described (Nelson and Carlson, 2012);
multiplexing barcodes and updates to the bioinfor-
matic workflow are detailed in Supplementary
Materials. Pyrosequencing runs are deposited in
the NCBI Sequence Read Archive (http://trace.
ncbi.nlm.nih.gov/Traces/sra) as accession SRA054578.

Estimation of putative virulence factors (VFs) in
genomes of enriched bacterioplankton

16S amplicon sequences of operational taxonomic
units (OTUs) significantly enriched in specific
treatments were aligned to complete microbial
genomes to identify the nearest cultured isolates
with sequenced genomes (NCBI genomic BLAST,
E-value<e™®). Representative genomes were
selected based on the highest score. Predicted
protein sequences for each genome were down-
loaded either from NCBI or the SEED database
(Overbeek, 2005). Predicted protein sequences from
the selected representative genomes (N=18) were
compared with the VF database (http://www.mgc.
ac.cn/VFs/; Chen, 2004) using BLASTP (Altschul
et al., 1990), E-value<e*). The number of putative
VF's per genome was enumerated based on the best
blast hit (lowest E-value) for each significant protein
sequence similar to the VF database.

Statistical analyses

Rates of change in DOC and bacterioplankton carbon
were calculated by dividing the difference between
start and end concentrations by the incubation
duration. Bacterioplankton abundance was con-
verted to carbon units assuming 20fg C per cell
(Lee and Fuhrman, 1987), and DOC in the dark
dilution cultures was calculated by subtracting
bacterial carbon from measured total organic carbon
in water samples. Bacterioplankton-specific growth
rates were calculated as the natural log change in
cell abundance over the period of loglinear growth
(roughly 8-30 hours of the incubations). Bacterial
growth efficiency was calculated as the ratio of
bacterial carbon production (rate of increase in
bacterial carbon) to rate of DOC removal. Average-
neighbor clustering on OTU-weighted unifrac dis-
tances (see Supplementary Materials) was used to
analyze multivariate community structure differen-
tiation among all incubation and ambient commu-
nity samples within the software package PRIMER
(Version 6, Primer-E, Plymouth, UK, 2006). The
similarity profile (SIMPROF) permutation routine in
PRIMER was used within hierarchical clustering
models to test whether individual samples differed
significantly (P<0.05), and analysis of similarity
(ANOSIM) was used to test if communities differed
among sample sets assigned to a priori treatment
groupings; OTU relative abundances were used to
calculate these statistics on weighted Unifrac
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distance matrices. We used ANOVA to test whether
mean relative abundances of specific phylotypes
and OTUs differed among treatments. We controlled
the false-discovery rate for multiple tests for all
ANOVAs using the g-value statistic (Storey and
Tibshirani, 2003), such that the maximum g-value
for significance remained less than half the prob-
ability of any one test being a false positive (that is,
g<0.5/number of significant tests). When ANOVAs
were significant, we ran Dunnet’s post hoc test to
identify treatments that differed significantly from
controls (P<0.05). All statistics were done in the
SAS programming language via the software pack-
age JMP (Version 9; SAS Institute Inc., Cary, NC,
USA, 1989-2010).

Results

Initial concentrations of DOC and DCNS in exudates
and controls

Mean DOC concentrations in the control treatment
were comparable to those observed in ambient
samples (~70 umol C1~*, Table 1). Initial DOC concen-
trations of the amended treatments were all signifi-
cantly enriched relative to the control treatment
(Dunnet’s P<0.05; Table 1), with Turbinaria and
Amansia significantly higher than Porites and Hali-
meda (Tukey’s post hoc test o =0.05). Concentrations
of DCNS within the control and ambient treatments
were roughly equivalent (3.6 and 4.2pmol CIl %,
respectively; Table 1). Exudates from Turbinaria were
the only exudates where initial DCNS concentrations
and DCNS yield were significantly higher than the
control (Table 1; Dunnet’s P<0.05).

All four exudates clustered separately from ambi-
ent and control waters in terms of the concentrations
of DCNS components, with replicates from each
exudate clustering together (Figure 1a). In control
and ambient samples, the mole % of glucose,
mannose + xylose and galactose collectively
accounted for >70% of the DCNS pool (30%, 25%
and 22% of total DCNS concentrations, respec-
tively), whereas the mole % of fucose, rhamnose
and arabinose accounted for the remaining 30% of

total DCNS (Table 1). Exudates from the macroalgae
were all enriched significantly in rhamnose, galac-
tose and mannose + xylose relative to either the
control treatments or the ambient waters (Dunnet’s
P<0.05; Table 1). Turbinaria exudates were signifi-
cantly enriched in fucose (43% vs 9% in controls)
and depleted in both glucose (12% vs 30% in
controls) and rhamnose (3% vs 10% in controls;
Dunnet’s P<0.05). Exudates from Amansia were
significantly enriched in galactose (32% vs 22% in
controls) and similarly depleted in glucose (14% vs
30% in controls; Table 1).

Bacterioplankton growth rates and efficiencies
Bacterioplankton-specific growth rates were signifi-
cantly higher only in the Amansia amendments
(1.11 per day), whereas other treatments and
controls ranged from 0.65 to 0.32 per day
(Table 2; ANOVA P=0.0005; Tukey’s post hoc test
«=0.05); replicate growth curves are shown in
Supplementary Figure S2. Bacterioplankton car-
bon-accumulation rates were also the highest in
the Amansia amendment treatments and the lowest
in the Porites and control incubations (Table 2;
ANOVA P<0.0001; Tukey’s post hoc test o =0.05).
DOC drawdown rates were greater in both Turbi-
naria and Amansia exudate treatments compared
with those of Halimeda and Porites and the control
incubations (Table 2). As a result, bacterioplankton
growing on Turbinaria exudates exhibited the low-
est bacterial growth efficiency (0.06) compared with
other exudate treatments (0.12-0.20), significantly
lower than the control treatments (0.27; Dunnet’s
P<0.05).

Exudate DCNS composition and bacterioplankton
selective removal

We analyzed the composition and selective removal
of just the exuded portion of the DOM pool by
subtracting concentrations of DOC and DCNS sugar
components in the control from those in the exudate
treatments at each time point (Table 3); the differ-
ence between control and exudate treatment is the

Table 1 Mean DOC and DCNS concentrations in exudates, controls, and ambient reef water at the start of each experiment

Treatment DoC DCNS DCNS Mole % Mole % Mole % Mole % Mole % Mole %
(umol C1~*)  (umol C17) yield fucose rhamnose arabinose  galactose glucose mannose + xylose

Turbinaria 180.7 £ 0.8 39.8+ 8.6 22% 5% 43%+*5% 3%+ 0% 5% £ 6% 22% +4% 12%+ 5% 15% + 2%
Amansia 177.4+0.6 12.0£0.2 7% 0% 9% +1% 10% £0% 4% £0% 32%*0% 14%+1% 31% £ 0%
Halimeda 112.91 0.6 9.7+2.8 9% 3% 8% 1% 7%t2% 4% t1% 24% 0% 24% t4% 34% £ 1%
Porites 78.4+ 3.0 8.1 10% 9% 4% 3% 19% 30% 35%
Control 70.4 2.2 3.6%10.2 5%+0% 9% £0% 10%*1% 5%*1% 22%*3% 29%+6% 24% £ 6%
Ambient 69.5 £ 1.0 4.2+1.6 6% + 2% 9% +1% 10% +1% 6% *2% 21%+3% 30%*5% 25% + 7%

Abbreviations: DCNS, dissolved combined neutral sugar; DOC, dissolved organic carbon.

DCNS yield is calculated as the molar ratio of DCNS carbon to total DOC. Mole % values are the ratio of each sugar concentration to the total
DCNS concentration in moles of carbon (see Figure 1a for raw concentrations of each sugar). Each entry is the mean and s.d. of two replicate
incubations (one Porites replicate was excluded from DCNS calculations as an outlier; see Figure 3). Treatments that differ significantly from the

control (Dunnet’s P<0.05) are emphasized in bold italics.
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amount of exuded DOC/DCNS released by the coral
or alga above the recalcitrant background pool, and
the change over the 48-h incubation is the amount of
that exudate fraction used by bacterioplankton. The
DCNS vyields (DCNS:DOC) of the various exudates
ranged from 56% in the Porites exudates to just 8%
in the Amansia exudates (Table 3), all higher than
the background control and ambient DCNS yields of
5—6% (Table 1). Turbinaria exudates contained
significantly more fucose, and Amansia exudates

a Starting DCNS concentration (umol C L")

Turbinaria
Turbinaria 0.5
0.9

Amansia .
Amansia 12
Halimeda 1.6
Halimeda 1.9
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8.4
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Ambient 14.9
Control 18.1
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m—

b Starting exudate molar % DCNS 3%
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Amansia
Halimeda
Halimeda
Porites
Porites

€ Exudate DCNS removed in 48h (umol C L") 0.4
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Turbinaria 03
Amansia | 0.6
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Halimeda .6
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contained significantly more galactose and rham-
nose than the other treatments (Figure 1b, ANOVA
P<0.01, Tukey’s post hoc test = 0.05).

After the 48-h incubation period, DCNS yields
declined or remained similar in all four treatments
(Table 3). The DCNS yield of the portion of the DOM
used during the incubation ranged widely, with
bacterioplankton exclusively using DCNS from the
Porites exudates (DCNS yield of exudate removed of
104%), using primarily DCNS in the Halimeda and
Turbinaria treatments (78% and 49%, respectively)
and using near-negligible DCNS from the Amansia
exudates (5%). Among the individual sugar compo-
nents of DCNS, bacterioplankton preferentially
consumed glucose and mannose+xylose in the
Halimeda and Porites exudate treatments, preferen-
tially consumed fucose in the Turbinaria exudate
treatments and used all sugar components roughly
equally in the Amansia exudate treatments
(Figure 1c). Proportionally, bacterioplankton con-
sumed ~20-50% of the glucose and mannose +
xylose in all exudates and an equal amount of the
fucose in the Turbinaria exudates, but showed
variable percent removal in other exudate sugar
components ranging from 0 to ~15% over the 48-h
incubation (Figure 1d).

Bacterial community differentiation

To visualize how broad family-level clades varied
among the treatments after 48h incubation, we
generated a relative enrichment profile heatmap by
standardizing the abundances of each clade to the
clade’s mean abundance across all pooled samples
(Figure 2). To test the significance of multivariate
phylogenetic differentiation among samples and
treatments, we generated an average-neighbor heir-
archical dendrogram from weighted unifrac
distances (Figure 2, top; see Supplementary
Materials for bioinformatic details). Samples clus-
tered significantly by treatment, with no significant
difference among replicate incubations within each
treatment (SIMPROF P>0.05; Figure 2). These

Figure 1 Starting composition and selective bacterial removal of
each of the six neutral sugar hydrolysis products (DCNS) among
coral and algal exudate treatments. Experimental treatments are
average-neighbor clustered according to DCNS composition. (a)
The starting concentration of each sugar component of DCNS
among treatments and controls. (b) The mole % of each sugar in
starting exudates after control correction. (¢) The change in
concentration of each sugar component of DCNS in exudates over
48 h after control correction. (d) The mole % of each sugar in the
utilized portion of each exudate (that is, starting—remaining)
after control correction. Note that exudates clustered according to
source both in terms of absolute concentration (a) and in terms of
relative contribution (b) at the start of the experiment, and all
exudates were clearly distinct from control treatments and
ambient reef water collected at the start of the experiment. Note
also that utilization profiles of exudates by bacterioplankton
differed according to treatment both in terms of absolute
concentrations removed (c) and in terms of proportional removal
of exuded DCNS components (d).
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Table 2 Changes in DOC, DCNS, and bacterial growth efficiency over the duration of 48 h seawater cultures

Treatment DOC change DCNS change Bact. C change Bacterial specific Bacterial growth efficiency
(umol C177) (umol C1~%) (umol C1~%) growth rate (per day)

Turbinaria —-21.5%1.3 —7.8918.76 1.25+0.08 0.61+0.03 0.06 +0.01

Amansia —23.9%1.6 0.52+0.61 2.86+0.07 1.11+0.01 0.12+0.01

Halimeda —-7.7%15 —3.01%£0.25 1.46+0.38 0.65+0.11 0.20+0.08

Porites —2.8%2.0 —-1.09 0.42+0.15 0.35+0.08 0.18 £ 0.08

Control —1.6%£0.3 1.56 £3.12 0.43+0.02 0.41+0.15 0.27 £0.04

Abbreviations: Bact. C, bacterial carbon; DCNS, dissolved combined neutral sugar; DOC, dissolved organic carbon.
Each entry is the mean and s.d. of two replicate incubations (one Porites DCNS replicate was excluded from mean calculations as an outlier; see
Figure 3). Treatments that differ significantly from the control (Dunnet’s P<0.05) are emphasized in bold italics.

Table 3 Compositional characteristics of exudates and proportional removal of exudates over the duration of 48 h seawater cultures

Treatment Starting exudate Remaining exudate 48 h Exudate removed 48h % Change in exuded % Change in
DCNS yield DCNS yield DCNS yield DCNS exuded DOC
Turbinaria 33% +8% 30% 0% —49% +47% —19% +20% —19% 1%
Amansia 8% £ 0% 9% £ 1% —5% 2% 6% £ 7% —22%+1%
Halimeda 14% = 7% 5% 7% —78% +16% —54% £20% —18% +4%
Porites 56% 34% —104% —24% —45% +10%

Abbreviations: DCNS, dissolved combined neutral sugar; DOC, dissolved organic carbon.

Exudate concentrations are calculated after subtracting the control concentrations of DOC and DCNS from each exudate treatment (see Figure 1c
for raw concentrations and Figure 1d for mol % of each sugar in the exuded fraction). DCNS yields are reported for starting exudates (treatment—
control at time zero), remaining exudates (treatment—control after 48 h incubation) and the exudate removed (remaining—starting). Proportional
removal (% change) of exuded DOC and DCNS is calculated as the ratio of the 48-h change in exudate concentration to the starting exudate
concentration. Each entry is the mean and s.d. of two replicate incubations (one Porites DCNS replicate was excluded from mean calculations as

an outlier; see Figure 1).

patterns of significant treatment differentiation were
maintained using clade/phylotype relative abun-
dances as well (ANOSIM P<0.001, Global R=0.92),
with each treatment differing significantly from both
the ambient environment (ANOSIM pairwise
P<0.02) and from the control incubations (ANOSIM
pairwise P<0.03). Samples in both Turbinaria and
Porites treatments were significantly different from all
other treatments (SIMPROF P<0.05, Figure 2); there
was no significant difference between communities
from the Halimeda and Amansia exudate treatments
(SIMPROF P> 0.05; Figure 2).

To identify which clades drove these differences
in community structure, we ran individual ANOVAs
on each clade (25 tests total), comparing the four
treatments (n=3 each) with unamended control
incubations (n=4) and ambient samples (n=6). For
each significant ANOVA (14 out of 25 tests run,
P<0.03, @¢<0.01<0.5/14), we wused Dunnet’s
post hoc test to determine which treatments had
higher relative abundances than the unamended
controls (P<0.05). Community differentiation
among the exudate amendment treatments was
driven by nine clades that exhibited significant
differences among the treatments and relative to the
controls (Figure 2 and bold and underlined values in
Table 4). Exudates from the Turbinaria treatment
increased the proportion of sequences belonging to
the Gammaproteobacteria families Vibrionaceae and
Pseudoalteromonadaceae. Exudates from Amansia
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and Halimeda treatments increased the relative
abundance of the alphaproteobacterial family Rho-
dobacteraceae, and Halimeda exudate treatment
additionally stimulated enrichment of the Flavobac-
terial family Cryomorphaceae.

Five families were enriched in the Porites
exudate treatment, including the Alphaproteo-
bacteria families Erythrobacteraceae, Kordiimona-
daceae, Hyphomonadaceae and Sneathiellaceae,
the Bacteriovoraceae family of the Deltaproteobac-
teria and the Planctomycete clade OM190 (Figure 2;
Table 4). In addition to these nine clades that were
enriched in the exudate amendments, four clades
were significantly different in the ambient environ-
ment relative to the experimental treatments and
unamended controls: SAR11 and Synechococcus
were enriched in ambient waters, and the proteo-
bacterial families Rhodobacteraceae and Alteromo-
nadaceae were reduced in ambient waters compared
with controls (Figure 2; Table 4). In addition,
the betaproteobacterial family Methylophilaceae
was significantly enriched in the Porites exudate
and unamended control treatments (4.95% and
6.30%, respectively) relative to other treatments
and the ambient water.

Bacterial population enrichment
We further examined diversity and enrichment
profiles of specific bacterial taxa at the level of
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Figure 2 Heirarchical clustering of samples according to bacterial community similarity, with heatmap showing relative enrichment of
family-level clades among samples. At top is an average-neighbor cluster dendrogram built from OTU-weighted Unifrac distances, with
gray boxes surrounding samples that cluster and do not differ significantly (SIMPROF P>0.05). Note that communities in replicate
incubations within treatments do not differ, whereas treatments differ significantly from each other and from controls and ambient water,
except Halimeda and Amansia—amended communities that do not differ significantly. The adjacent heatmap shows relative abundance
of each family-level clade in each sample. Heatmap data are standardized by clade to show relative enrichment among treatments; color-
coding for relative abundance is shown in the right-hand plot for each clade. Mean relative abundance data and statistical comparisons

are provided in Table 4.

OTUs (defined as clusters of sequences averaging
>95% identity). A collapsed maximum-likelihood
tree summarizing the phylogenetic identities of all
OTUs was found in this study, and their nearest
neighbors in the SILVA SSU reference database is
shown in Figure 3, with specific taxa highlighted
according to treatments in which they were
enriched (a complete (uncollapsed) version of this
tree can be found in the Supplementary Information
(Supplementary Figure S3), along with a summary
of the 15 most abundant OTUs in each treatment at
harvest (Supplementary Table S4)).

To identify those OTUs enriched in specific
treatments, we compared mean relative abundances
of each OTU (n=180) among all four treatments
and the control incubations using ANOVAs
(Supplementary Table S5). For each significant
OTU ANOVA (n=27), we used Dunnet’s post hoc

test to determine which treatments were enriched
significantly relative to the controls (n=18,
Figure 3, P<0.035, g<0.018<0.5/27). Table 5 lists
all of these OTUs and their nearest genomic isolate
representatives (see VF analysis below). To place
these highlighted OTUs of interest in more detailed
phylogenetic context, we built a maximum-like-
lihood tree from each OTU and the three nearest
cultured isolates (Supplementary Figure S6) derived
from 16S databases as described above and in the
Supplementary Materials. Analyses of OTU diver-
sity (richness and evenness) showed that richness
was the highest on ambient water, and Porites
exudates with both richness and evenness reduced
significantly in the Amansia exudate treatments (see
Supplementary Results, Supplementary Table S8
and Supplementary Figure S9). Of the other nine
significant ANOVA results, six OTUs were most
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Table 4 Clade mean relative abundances among treatments with significance tests

Clade (ordered by Figure 2) ANOVA F; 5,

P-value q-value Turbinaria Halimeda

Mean relative abundance in each treatment

Amansia  Porites  Control Ambient
Chloroflexi_SAR202 0.364 0.080 0.00% 0.04% 0.00% 0.00% 0.00% 0.13%
Deltaproteobacteria_SAR324 0.150  0.041  0.00% 0.00% 0.00% 0.00% 0.07%  0.42%
Deferribacteres_SAR406 0.080 0.025 0.05% 0.23% 0.00% 0.03% 0.60% 0.77%
Actinobacteria_Acidimicrobiales 0.310 0.078 0.21% 0.30% 0.24% 0.06% 0.54%  0.93%
Alphaproteobacteria_Rhodospirillaceae 0.118  0.034 0.59% 0.38% 0.00% 0.18% 0.83%  1.47%
Alphaproteobacteria SAR116 0.014  0.006 1.40% 0.72% 0.06% 0.92% 4.25%  5.77%
Alphaproteobacteria_ SAR11 0.000 0.000 1.21% 1.70% 1.13% 2.46% 7.48%  21.50%
Cyanobacteria_Synechococcus 0.000 0.000 0.79% 3.33% 0.96% 1.10% 4.02%  23.20%
Gammaproteobacteria_Oleiphilaceae 0.347 0.080 0.40% 0.22% 2.16% 1.65% 4.37% 0.13%
Betaproteobacteria_Methylophilaceae 0.026 0.010 0.44% 1.37% 0.00% 4.95% 6.30%  0.86%
Planctomycetes_Planctomycetaceae 0.884 0.178 0.00% 0.00% 0.00% 0.03% 0.04%  0.05%
Planctomycetes. OM190 0.009 0.004 0.00% 0.00% 0.00% 0.18% 0.00%  0.00%
Deltaproteobacteria_Bacteriovoraceae 0.008 0.004 0.02% 0.48% 0.18% 1.87% 0.27%  0.06%
Alphaproteobacteria_Erythrobacteraceae 0.009  0.004 0.02% 0.00% 0.00% 0.51% 0.13%  0.05%
Alphaproteobacteria_Kordiimonadaceae 0.364  0.080 0.18% 0.13% 0.00% 0.49% 0.34%  0.00%
Alphaproteobacteria_Hyphomonadaceae 0.000 0.000 0.07% 0.30% 0.13% 3.65% 0.42%  0.07%
Alphaproteobacteria_Sneathiellaceae 0.029  0.010 0.00% 0.00% 0.00% 3.50% 0.11%  0.00%
Alphaproteobacteria_Rhodobacteraceae 0.000 0.000  32.96% 51.08% 62.98%  41.37% 34.50%  9.78%
Flavobacteria_Flavobacteriaceae 0.263  0.069 8.80% 10.27% 12.67% 5.13% 8.52%  5.83%
Flavobacteria_Cryomorphaceae 0.002  0.001 1.14% 7.30% 3.01% 2.06% 2.37%  2.69%
Gammaproteobacteria_ OMG 0.083  0.025 4.88% 9.38% 1.94% 8.11% 7.62%  7.66%
Gammaproteobacteria_Alteromonadaceae 0.002  0.001 13.59% 4.60% 2.77% 10.58% 7.90% 1.15%
Gammaproteobacteria_Oceanospirillaceae 0.741 0.156 1.35% 1.96% 1.59% 1.22% 1.38% 0.63%
Gammaproteobacteria_Pseudoalteromonadaceae  0.000  0.000 3.19% 0.04% 0.06% 0.21% 0.25%  0.44%
Gammaproteobacteria_Vibrionaceae 0.000 0.000 21.21% 0.12% 5.81% 0.33% 0.57%  0.38%

Abbreviation: ANOVA, analysis of variance.

ANOVA P/g-values in bold italic are significant after multiple comparison controls on the false-discovery rate (see Materials and methods and
Results). Mean relative abundances significantly different from control treatments (Dunnet’s P<0.05) are underlined; those in bold are higher,

whereas those in italics are lower than control cultures.

abundant in controls and ambient samples and are
discussed in the Supplementary Materials (an
additional two OTUs comprised <0.5% of any
given treatment (OTU239 and OTUS52), and one
showed no significant differences from the control
treatments after post hoc testing (OTU8); these were
not analyzed further).

The Turbinaria exudate treatments were uniquely
enriched in nine OTUs (Figure 3 and Table 5), more
than any other treatment, including two OTUs
>96% sequence identity to isolates of Photobacterium
(OTUs 59 and 102, family Vibrionaceae), two OTUs
>92% sequence identity to isolates of Alteromonas
(OTUs 39 and 18, family Alteromonadaceae), three
OTUs >90% sequence identity to isolates of
Pseudoalteromonas (0OTU17, OTU6 and OTU27;
family Pseudoalteromonadaceae) and two OTUs
belonging to the Rhodobacteraceae (OTU100—
94.6% identity with Pseudoruegeria and OTU174—
87.2% identity with Ruegeria). Cultures amended
with exudates from Amansia and Halimeda were
both enriched with OTU14 (94.2% identity with
Nautella within the Rhodobacteraceae) and two
Flavobacteria (OTUs 854 and 162; 83.7% and 86.8%
identity with Fluviicola, respectively), with levels
significantly higher than the controls and either of the
other two treatments.

The Porites exudate treatment enriched six taxa,
most belonging to deeply branching clades within
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the alpha- and gamma-proteobacteria. Three taxa
belonging to the alphaproteobacteria, a Hyphomo-
nadaceae (OTU50, 92.9% identity to Hyphomonas),
an Erythrobacteracaeae (OTU197, 99.6% identity to
Erythrobacter) and a Sneathiellaceae (OTU115,
94.4% identity to Sneathiella), became notably
abundant in these cultures relative to all other
treatments, reaching 3.5%, 0.5% and 1.5% in the
Porites cultures, respectively, but remaining rare in
all other treatments (<0.5%, <0.2% and <0.01%,
respectively). One OTU belonging to the Rhodobac-
teraceae (OTU173-90.2% identity to Thalassobius)
also showed enrichment but remained relatively rare
in the Porites cultures. Two taxa belonging to deeply
branching clades of the gammaproteobacterial family
Alteromonadaceae (OTU136—91.4% identity to Cell-
vibrio and OTU642—93.3% identity to Haliea) were
also significantly enriched in cultures amended with
Porites exudates.

VFs in genomes of closely related isolates

We compared the mean number of VFs found in the
most closely related isolate with a sequenced
genome to each OTU enriched in each exudate
treatment and/or relatively enriched in the ambient
waters (because few OTUs were enriched in the
Amansia and Halimeda exudate treatments and
the communities did not differ significantly—see
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Figure 3 (Continued).

Figure 2—we combined these treatments to allow
statistical testing). We found significant differences
among treatments (ANOVA P<0.001), with post hoc
testing revealing that Turbinaria exudates select for
populations with the highest potential mean VF's per
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genome, significantly greater than those selected for
by coral exudates, with Ambient populations having
significantly fewer potential VFs per genome than
all experimental treatments (Figure 4; Tukey’s post
hoc test «=0.05).
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Table 5 OTUs enriched in specific treatments, the nearest related isolate genome and number of VFs

Treatment Enriched oTU Phylum/class Best genomic match % ID # VFs
Amansia OTU854 Flavobacteria Fluviicola taffensis DSM 16823 88 541
Amn/Hal® OTU14 a-Proteobacteria Ruegeria spp. TM1040 91 672
Halimeda OTU162 Flavobacteria Fluviicola taffensis DSM 16823 84 541
Porites OTU173 a-Proteobacteria No genome >80% identity NA NA
Porites OTU136 v-Proteobacteria Cellvibrio japonicus Ueda107 91 750
Porites OTU50 a-Proteobacteria Hyphomonas neptunium 92 559
Porites OTU642 v-Proteobacteria Congregibacter litoralis KT71 92 652
Porites 0TU115 a-Proteobacteria Micavibrio aeruginosavorus 85 390
Porites 0OTU197 a-Proteobacteria Erythrobacter litoralis 99 430
Turbinaria OTU6 v-Proteobacteria Pseudoalteromonas spp. SM9913 91 727
Turbinaria OTU27 v-Proteobacteria Pseudoalteromonas spp. SM9913 92 727
Turbinaria OTU39 v-Proteobacteria Alteromonas spp. SN2 93 789
Turbinaria 0OTU18 v-Proteobacteria Alteromonas macleodii 93 759
Turbinaria OTU59 v-Proteobacteria Vibrio splendidus LGP32 93 875
Turbinaria 0TU102 v-Proteobacteria Vibrio splendidus LGP32 93 875
Turbinaria 0TU174 a-Proteobacteria Ruegeria pomeroyi DSS-3 87 690
Turbinaria OTU100 a-Proteobacteria Ruegeria spp. TM1040 93 672
Turbinaria OTU17 v-Proteobacteria Pseudoalteromonas spp. SM9913 95 727
Ambient OTU43 a-Proteobacteria Pelagibacter ubique HTCC1062 89 240
Ambient OTU9 a-Proteobacteria Pelagibacter ubique HTCC1062 97 240
Ambient OTU38 Flavobacteria Fluviicola taffensis DSM 16823 87 541
Ambient OTU22 Cyanobacteria Synechococcus spp. CC9605 96 289
Ambient 0OTU15 a-Proteobacteria No genome >80% identity NA NA

Abbreviations: ID, identity; NA, not applicable; OTU, operational taxonomic unit; VF, virulence factor.
20TU14 was enriched in both Amansia and Halimeda treatments. Queries all >250bp and expect scores all <e~05.
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Ambient ©
I T T

T T
0 200 400 600 800

Mean number of virulence factors in
genomes of enriched populations

Figure 4 Differences in mean number of VFs in OTUs enriched
in each exudate treatment and ambient waters based on genomes
of most closely related cultured isolates. Data are listed in Table 5;
whiskers are one s.e. of the mean. Representative genomes ranged
from 84% to 90% 16S sequence identity to OTUs, and statistical
analysis is robust when a 90% minimum identity cutoff was
applied. Note that Amansia and Halimeda exudates were
combined to allow testing (n<3 each). Mean numbers of VFs in
ambient waters are significantly lower than all three exudates,
and Porites is significantly lower than Turbinaria (treatments with
same letter are not significantly different, Tukey’s post hoc test
o =0.05).

Discussion

Our results demonstrate that both macroalgae and
corals in tropical reef ecosystems exude significant
DOM that varies in composition, stimulates bacter-
ioplankton growth and differentially alters bacterial

community structure (summarized in Figure 5). This
work expands upon prior understanding by char-
acterizing compositional differences among DOM
exudates in a dynamic fraction of the carbohydrate
pool (DCNS) and by providing a phylogenetically
robust analysis of the bacterioplankton taxa differ-
entially enriched by the various exudates. Our
results shed light on the compositional differences
among exudates from dominant-reef primary pro-
ducers, demonstrating that all exudates are enriched
in DCNS relative to the ambient waters and that
exudates differ from each other in the concentra-
tions and proportions of DCNS components (Figures
la and b; Tables 1 and 3). By tracking the utilization
of DCNS components over the course of a 2-day dark
seawater culture, we demonstrate that variation in
initial DOM composition, in part, selects for specific
communities (Figure 2; Table 4). These specific
bacterioplankton communities utilize the exudates
at varying efficiencies and selectively remove
specific DCNS components (Figures 1c and d;
Tables 2 and 3). Finally, using 16S pyrosequencing,
we are able to identify specific bacteria selected for
each exudate (Figure 3) and develop testable
hypotheses regarding the potential for increased
abundance of pathogenic genes in populations
enriched by macroalgal exudates (Figure 4;
Table 5). Together, these results further our mechan-
istic understanding of linkages between diverse
benthic macroorganisms, DOM exudate composition
and complex Dbacterioplankton communities
that influence both local coral-algal interactions
and the overall functioning of tropical reef
ecosystems.
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Figure 5 Summary of differences in exudate composition, subsequent bacterioplankton growth and resulting bacterial community
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Macroalgal and coral DOM exudate composition and
bacterioplankton utilization

We have shown previously that fleshy macroalgae,
turf algae and coral holobionts on average exude at
least 10% and sometimes upwards of 35% of their
daily fixed carbon as DOC, with algae releasing
significantly more DOC per unit surface area than
corals (Haas et al., 2011). In the present study, we
show that DCNS comprise upwards of 50% of coral
exudates and a smaller but still significant fraction of
macroalgal exudates (8-33%; Table 3). The DCNS
fraction of DOC is clearly not the only material exuded
by algae and coral, as uronic acids, proteins, amino
sugars and lipids have all been detected in the tissue
and DOM of algae (Percival, 1979; Jensen, 1993;
Aluwihare and Repeta, 1999; Wada et al, 2007;
Anastasakis et al., 2011) and the tissue and mucus
of coral (Meikle et al., 1988; Coffroth, 1990; Wild et al.,
2010). However, the composition of the exuded DCNS
did differentiate the four exudates from both experi-
mental controls and the ambient waters (Figure 1a),
and portions of the DCNS pool were preferentially
and differentially utilized by bacterioplankton among
the treatments (Figures 1c and d; Tables 2 and 3),
suggesting that it is a meaningful proxy for differences
in the overall character of the DOM exuded by benthic
macroorganisms on coral reefs.

Our results generally indicate that exudates from
fleshy macroalgae are more labile than exudates
from corals, with bacterioplankton growing to
higher densities and consuming more DOC on
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exudates from the brown alga Turbinaria and the
red alga Amansia (Figure 5; Table 2). We observed
that fleshy macroalgae release copious amounts of
DOM that can be enriched in compounds hydrolyz-
able to specific neutral aldoses (that is, fucose in
Turbinaria and galactose in Amansia), which
engenders the rapid, inefficient growth of bacterio-
plankton (bacterial growth efficiency <15%;
Table 2), consuming both DCNS (<20%) and other
portions of the DOM pool not explicitly measured
here, indicating that bacteria growing on fleshy
macroalgal exudates were less selective in the
removal of DCNS (Table 3). It is important to note
that physiological stress due to nutrient limitation
(Karl et al., 1998) or the transition between nutrient
replete to nutrient deplete phases (Smith et al,
1998; Carlson, 2002) can trigger the release of DOM
by phytoplankton. However, DOM release from
macroalgae in nutrient replete coastal systems is
also well documented (Wada et al., 2007;
Chattopadhyay et al., 2010; Haas and Wild, 2010).
Relative to the macroalgae, the exudates from the
hermatypic coral Porites and the calcareous macro-
alga Halimeda were dominated by galactose, glucose
and mannose + xylose, much like the composition of
ambient seawater (Figures 1a and b; Table 1). On
these exudates, the relatively slow, more efficient
growth of bacterioplankton is largely supported by
DCNS (up to 70%; Table 3) and the specific
utilization of these three most abundant sugars
(Figures 1c and d).



Information on the composition of DCNS within
algal exudates can reveal information about the
origin and macromolecular structure of a particular
polysaccharide (Percival, 1979; Chattopadhyay
et al., 2010; Anastasakis et al., 2011), the physiolo-
gical status of the algae at the time when the exudate
was harvested (Haas and Wild, 2010), or the exo-
enzymatic activity of the ambient community of
heterotrophic bacterioplankton (Arnosti, 2011). The
significant enrichment in the mole % of fucose in
the Turbinaria treatment is consistent with studies
assessing the sugars in other Turbinaria species
(Chattopadhyay et al., 2010) and other brown algae
(Percival, 1979; Anastasakis et al., 2011), as well as
in brown algal DOM exudates (Wada et al., 2007).
Fucoidan is produced by Turbinaria in the cell wall
to protect against desiccation (Percival, 1979;
Anastasakis et al, 2011) and is a rather large
macromolecule (~50kDa; Chattopadhyay et al.
2010). We observed significant removal of fucose
from Turbinaria exudate remineralization cultures,
consistent with results for the bacterial enzymatic
hydrolysis of fucoidan that were conducted at
comparable latitudes by Arnosti et al. (2011). Porites
DOM exudates exhibited neutral sugar distributions
that are consistent with those of poritid mucus
origins (Coffroth, 1990). One potential mechanism
by which nearly the entire DCNS pool was removed
from the Porites exudate over the 2-day incubation
may be that the proper combination of polysacchar-
ide macromolecular bond structure and bacterial
exo-enzymatic expression could have resulted in
rapid polymer hydrolysis and subsequent bacterial
substrate utilization (Arnosti, 2011).

Differential growth of bacterioplankton taxa on DOM
exudates of varying composition

Our results point to a clear differentiation between
the communities selected for by exudates of fleshy
macroalgae and those growing on coral exudates.
Although the differences in absolute magnitude of
DOM released from the various benthic producers
may influence community differentiation, the treat-
ments differed not just in the relative abundance of
taxa but in the specific OTUs and families selected
for, suggesting that compositional differences, not
just quantities, of the exuded DOM are the primary
driver of community differentiation. The macroalgal
exudates enriched communities in several families
containing known coral pathogens, with the specific
OTUs enriched closely related to potential coral
pathogens with elevated numbers of putative VFs in
their genomes (Figure 4; Table 5), supporting the
hypothesis that these exudates may foster the
growth of bacterial communities harmful to corals.
In particular, exudates from Turbinaria differentially
selected for OTUs within the generic clades of
Vibrio/Photobacterium, Pseudoalteromonas and
Alteromonas (Figure 3 and Table 5), each of which
composed between 3% and 5% of the total 16S
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reads to collectively dominate the communities
(Supplementary Table S5). Each of these clades
contains cultured isolates putatively associated with
coral disease (Kushmaro et al., 2001; Ben-Haim
et al., 2003; Costa-Ramos and Rowley, 2004; Bally
and Garrabou, 2007). However, we emphasize that
these VF analyses are supportive, rather than
definitive evidence for the enhanced pathogenicity
of algal-enriched communities.

In contrast to the algal exudates, the bacterial
families and specific OTUs selected for by the coral
exudates were markedly more diverse, both phylo-
genetically (Figure 3) and in terms of community
diversity and evenness (that is, no specific OTU
clearly dominated the communities as with
the macroalgal exudate-selected communities,
Supplementary Figure S9). The most striking
enrichment was an OTU belonging to the Hypho-
monadaceae family of Alphaproteobacteria (Figures
2 and 3), with close similarity to isolates of
Hyphomonas and Caulobacter (Table 5; Supplemen-
tary Figure S6), which came to compose nearly 3.5%
of the total 16S sequences. These OTUs belong to a
group of widespread oligotrophic budding organ-
isms found in many aquatic environments but with
no evidence for pathogenicity (Stahl et al., 1992;
Weiner et al., 2000; Badger et al., 2005). Other taxa
enriched in the Porites exudate amendments
included OTUs closely related to the Alphaproteo-
bacteria Sneathiella and Erythrobacter and to the
Gammaproteobacteria Haliea and Thalassobius, all
associated with free-living oligotrophic to meso-
trophic coastal marine environments and with no
known pathogenic lifestyles (Koblizek et al., 2003;
Jordan et al., 2007; Urios et al., 2008; Park et al.,
2012). Thus, the primary organisms selectively
enriched by the coral exudates are widely distrib-
uted marine bacterioplankton, with no association
with pathogenic or otherwise harmful lifestyles.
Nonetheless, the lack of information on the ecology
of these taxa demands that additional information
on their genomes be investigated before drawing
further conclusions regarding their role in coral
lifestyles.

Ecological implications

Conditions that enhance the competitive advantage
of algae over corals, including eutrophication, over-
fishing or climate change, may result in benthic
community phase shifts from coral to algal dom-
inance (Done, 1992). The posited mechanisms by
which algae outcompete corals under altered envir-
onmental settings (reviewed in McCook et al. (2001))
include physical disruption through shading or
abrasion (Lirman, 2001; River and Edmunds,
2001), chemical-mediated competition or allelopa-
thy (Rasher and Hay, 2010; Chadwick and Morrow,
2011) and microbial activity (Smith et al., 2006;
Barott et al., 2009; Haas et al., 2011; Kelly et al.,
2012). Although allelochemicals are commonly
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thought to be important drivers of coral-algal phase
shifts by directly promoting algal competition over
corals (Littler and Littler, 1997; Jompa and McCook,
2003; Rasher and Hay, 2010), there is an increasing
experimental evidence that microbes significantly
contribute to the detrimental effects of fleshy algae
on corals, including demonstrations that antibiotics
can ameliorate coral mortality caused by dissolved
turf algal exudates (Smith et al., 2006) and reverse
negative influences on coral planulae survivorship
in the presence of macroalgae (Vermeij et al., 2009).
Changing conditions to promote the growth of algae,
which in turn release DOM that fuels microbes, is
one link frequently overlooked as a mechanism that
might have a negative impact on corals.

Benthic macro- and turf algae exudates have
already been shown to directly stimulate microbial
growth, resulting in higher abundances and biologi-
cal oxygen demand (Haas et al., 2011). This elevated
microbial activity may have far-reaching repercus-
sions on corals reefs, causing hypoxia on coral
surfaces, leading to coral mortality (Smith et al.,
2006; Barott et al., 2009), and negatively influencing
coral recruitment and recovery (Vermeij et al., 2009).
The present study suggests that differences in
exudate DOM composition, not solely exudate
quantity, may be a proximal mechanism explaining
observations that different species of algae can be
more detrimental to corals than others (Jompa and
McCook, 2003; Haas et al., 2009). The scale at which
these exudates may have an impact on coral under
various flow regimes is a critical issue demanding
increased scrutiny: water retention times around
algae—coral interactions on the downstream side of
coral mounds may exceed 5 min (Brown, 2012), and
coral mounds have been shown to deplete microbial
abundance as much as a half-meter downstream
(Marhaver et al., 2012). At localized scales, concen-
trations of bacteria can be more than 10-fold higher
within the diffusive boundary layer of the corals
(Brown, 2012; Marhaver et al.,, 2012) than in the
surrounding water, and significant differences in the
composition of tissue-associated microbial commu-
nities occur in these interaction zones (Barott et al.,
2012). Increased algal growth has also been shown
to significantly and persistently alter water chem-
istry and coral health both at centimeter and meter
scales (Haas et al., 2009; Hauri et al., 2010; Niggl
et al., 2010).

Shifts in carbon sources have been previously
documented to drive increases in pathogenic
microbes in coastal ecosystems. For example, cho-
lera epidemics have been associated with blooms of
phyto- and zooplankton linked to elevated nutrients
in coastal runoff, which subsequently stimulate the
growth of Vibrio cholerae in part, because zooplank-
ton exoskeleton chitin serves as a carbon source for
the pathogen (Colwell and Hug, 2001). In linking
outbreaks of the coral disease atramentous necrosis
to terrestrial runoff on the Great Barrier Reef,
Haapkylae et al. (2011) found that dissolved and
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particulate carbon concentrations were a major
statistical correlate and suggested that runoff-
induced increases in primary production facilitated
infections by increasing growth rates of microbes. Our
results similarly support changes in carbon quality as
a driver for increasing bacterioplankton growth and
selection for potential pathogens on coral reefs.

Without additional culture-based work on coral
pathogens, we cannot draw clear connections
between the taxa selected for by algal DOM exudates
and direct detrimental effects on coral health. Many
of the algal exudate-enriched OTUs identified here
by 16S amplicon sequencing were related to cul-
tured isolates identified as known pathogens, but
closely related species and strains within bacterial
generic-level clades can exhibit very different host—
pathogen dynamics depending on conditions or
how cellular machinery is used (Coenye and
Vandamme, 2003; Jani and Cotter, 2010; Gennari
et al., 2012). The evidence presented here should be
interpreted as hypothesis-generating rather than
definitive proof that algal exudates select for coral
pathogens. Nonetheless, there is significant evidence
for opportunistic pathogenicity in many bacterial
lineages, particularly the copiotrophic Gammaproteo-
bacteria taxa identified here such as Vibrio (Kushmaro
et al., 2001; Ben-Haim et al., 2003; Rosenberg et al.,
2007). The etiologies of marine diseases frequently
cannot be determined (Rosenberg et al., 2009). Thus,
polymicrobial (Carlton and Richardson, 1995; Cooney
et al., 2002) and opportunist pathogens (Harvell et al.,
1999) are becoming more important in our under-
standing of emerging diseases in the marine environ-
ment. Our results support the idea that coral—algal
phase shifts result in more algal-released DOM and
that these labile resources stimulate bacterioplankton
growth (potentially causing localized hypoxia) and
select for potential opportunistic pathogens, which
may directly increase coral disease.

Conclusions

By demonstrating selective bacterial population
enrichment by DOM exudates of algae and coral
and linking this enrichment to compositional differ-
ences in both the exudates produced and the
proportion consumed during bacterioplankton
growth, our results provide a mechanism by which
benthic primary producers may fuel and shape
bacterial communities in coral reef ecosystems. In
characterizing differences in the composition of
DOM from different algae and coral and demonstrat-
ing the strong selection pressures these different
DOM types place on bacterioplankton communities,
we provide a clear experimental linkage between
DOM quality and bacterial population structure,
which can launch more targeted studies of the role
of these specific relationships in reef habitats.
Finally, the differences in the types of bacterio-
plankton enriched by the various exudates point to a



mechanism by which algae may foster the growth of
opportunistic coral pathogens as an indirect form of
competition, facilitating ongoing phase shifts in
tropical reef ecosystems.
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